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In this paper the optimization of the spool and housing geometry in a small hydraulic seat valve to enable
the reduction of the axial ﬂow forces to a minimum value is described. Non-optimized hydraulic valve
geometry is usually the main cause for many problems related to response time, actuation force and
energy consumption. To overcome these limitations and problems we have done a thorough numerical
and experimental analysis of a seat valve. The main inﬂuential geometry parameters of the seat valve
are deﬁned for numerical analyses. In the next step the basic theory of the numerical simulation, includ-
ing the 3D modelling, meshing and parameterization, is explained. The reduction of the ﬂow forces in a
small hydraulic seat valve is treated in detail by using a commercial simulation tool, Ansys CFX. The val-
idation of the numerical ﬂuid model of the valve is done by comparing simulation and experimental
results obtained with the test rig for axial ﬂow force measurement. With the validated numerical ﬂuid
model of the valve new ﬂuid models are built taking into account all inﬂuential geometry parameters
of the valve for the purpose of the ﬁnal optimization of the valve geometry. The results of the simulation
analyses show that the axial component of the ﬂow forces can be reduced signiﬁcantly just by modifying
the geometry of the valve spool and housing. Thus the valve dynamic characteristics, such as response
time, are signiﬁcantly improved while the necessary actuation force and power consumption are reduced.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
High response servo valves with switchover time below 10 ms
are still the most often used control components in highly dynamic
and precise electrohydraulic cylinder drives. New energy efﬁcient
and high response hydraulic systems require better cylinder drive
performances related to the improved reference and disturbance
response of the drive in a closed-loop pressure and position con-
trol. Reference and disturbance response determine the precision
of the drive which inﬂuences product quality and motion accuracy
in sophisticated robot welding positioners. Therefore the cylinder
drives require new valves with better characteristics, such as
robustness, lower energy consumption and even faster switchover
time (below 2 ms) [1]. The commercial servo valves are not suit-
able for use in these applications due to their mechanic and control
limitations; high costs due to the precise manufacturing process of
the sleeve and spool, high energy consumption due to the analoguecontrol and complex analogue control electronics, sensitivity to
contamination, vibration, and temperature, among others.
A promising alternative approach to achieving the mentioned
requirements is the use of Digital Fluid Control Units (DFCU)
instead of high response servo valves. The DFCU-s employ digitally
controlled hydraulics in conjunction with several fast switching
on/off hydraulic seat valves connected in parallel [2]. DFCU-s are
used for several branches of digital ﬂuid power such as hydraulic
valves, pump systems, actuators, transformers and digital hydrau-
lic power management systems. These systems mainly use the
conventional on/off seat valves, which usually need high actuation
force due to the high pressure and ﬂuid ﬂow forces acting on the
valve spool; consequently, they have low dynamic characteristics
and high energy consumption. To obtain high response and energy
efﬁcient DFCU-s, suitable for applications in highly dynamic and
efﬁcient digital ﬂuid power systems, the characteristics of switch-
ing valves must be improved.
One of the possible solutions is the use of several miniature
on/off valves where the needed actuation force is reduced due to the
small nominal ﬂow rate of the single valve [3]. Other approaches
are focused on a new light-weight material of the moving parts
where the valve switchover time can be reduced up to 50% while
the energy consumption is inversely linear to the switchover time
Nomenclature
a⁄ coefﬁcient which damps the turbulent viscosity
A1 area of the valve spool which compensate the axial
forces as a result of the inlet pressure (m2)
A2 area of the valve spool which compensate the axial
forces as a result of the outlet pressure (m2)
b1 the constant to calculate the turbulent viscosity lt
c speciﬁc warm capacity (J/(kg K))
d1 the inlet channel diameter (m)
d2 spool diameter (m)
d3 metering edge diameter (m)
Dx cross-diffusion modiﬁcation term at SST k–x turbulence
model
F2 the blending function at SST k–x turbulence model
Fact actuation force (N)
Fspring spring force (N)
Fﬂow ﬂuid ﬂow force (N)
Fﬂow,stat stationary component of ﬂuid ﬂow force (N)
Fﬂow,dyn dynamic component of ﬂuid ﬂow force (N)
Fo-ring force needed for the elastic deformation of the O-rings
(N)
FR frictional force (N)
Fp pressure force (N)
Fa inertial force (N)
FX ﬂow force in X direction (N)
FY ﬂow force in Y direction (N)
FZ ﬂow force in Z direction (N)
Gk turbulence production of kinetic energy k (m2/s2)
Gx turbulence production of speciﬁc dissipation rate x
(m2/s3)
h1 height of the inlet socket (m)
h2 height of the metering edge (m)
h3 distance between the metering edge and the bush (m)
k turbulence kinetic energy (m2/s2)
L1 depth of the inlet socket (m)
mm molar mass (kg/mol)
pin pressure at inlet port (MPa)
pout pressure at outlet port (MPa)
Q volumetric ﬂow rate (m3/s)
r1 gap size between the spool and the housing (m)
r2 overlap of the metering edge (m)
Ra real roughness of the spool (m)
S strain rate magnitude at SST k–x turbulence model
Sk user-deﬁned source term at SST k–x turbulence model
Sx user-deﬁned source term at SST k–x turbulence model
X coordinate axis
Y coordinate axis
y spool displacement in axial direction (m)
Yk turbulence dissipation of k at SST k–x turbulence model
(m2/s3)
Yx turbulence dissipation ofx at SST k–x turbulence mod-
el (m2/s3)
Z coordinate axis
Greek symbols
a inlet angle of the hydraulic spool ()
b seat angle of the hydraulic spool ()
bi,1, bi,2 the constants to calculate the turbulence dissipation of k
and x
Dp pressure drop per metering edge (MPa)
rk the Prandtl number for k
rk,1, rk,2 the constants to calculate the Prandtl number for k
rx the Prandtl number for x
rx,1, rx,2 the constants to calculate the Prandtl number for x
x speciﬁc dissipation rate (1/s)
q ﬂuid density (kg/m3)
l dynamic viscosity (kg/(m s))
lt turbulent viscosity (kg/(m s))
Acronyms
CFD computational ﬂuid dynamics
CPU time central processor unit time
DFCU digital ﬂuid control unit
FSO full-scale output
RANS Reynolds-averaged Navier–Stokes
SST model Shear-stress turbulence model
M. Simic, N. Herakovic / Energy Conversion and Management 89 (2015) 708–718 709[4]. Authors in [4,5] describe the use of alternative piezo actuators
instead of the conventional solenoid ones to signiﬁcantly improve
their dynamic characteristics and reduce the energy consumption
at steady state condition. In this case, the sensitivity to external
forces of the piezo actuators seems to be a potential problem.
Higher external forces result in a reduction of the piezo actuator
displacement, which leads to the reduction of the valve nominal
ﬂow rate. A very common practice to achieve the minimal external
forces in hydraulic directional proportional valves is the optimiza-
tion of the pressure and ﬂow forces acting on the valve spool,
which is described in detail in [6]. By optimizing the geometry of
the valve spool and housing the external forces can be reduced
to a proper minimal value. The pressure forces can be easily elim-
inated by using the proper spool geometry with the pressure force
compensation areas described in [1]. The ﬂow force reduction is
much more complicated and requires detailed analyses of individ-
ual hydraulic valves. For the reduction of the ﬂow forces inside the
valve, different approaches are used: analytical, numerical, analyt-
ical/numerical and experimental. The analytical methods are usu-
ally based on the development of new or improved mathematical
algorithms to simplify the simulation procedure and to speed up
the CPU time. These new algorithms are usually implemented in
one of the commercially used CFD (Computational Fluid Dynamics)codes [7]. However, most researchers still use numerical approach
with commercial softwares, such as Ansys CFX and FLUENT.
Two-dimensional (2D) approaches are used when simple and
axi-symmetric ﬂuid models can describe the real condition well
enough [1,8]. More complex unsymmetrical ﬂuid models,
representing the entire ﬂuid ﬂow inside the valve chambers and
housing, are usually described with three-dimensional (3D) mod-
els [9–11]. But in all cases where the numerical CFD approach
was applied, the simulation models were validated with experi-
mental testing [10]. The ﬂow forces inside the hydraulic valves
can also be optimized by using only the experimental methods
which are described in [12]. In this case, it is very difﬁcult to make
more in-depth analyses of the ﬂuid ﬂow.
Most of the CFD research efforts have been focused on the ﬂow
process inside the sliding spool valve with large spool displace-
ment of up to 2 mm [8,9]. However, the geometry optimization
and CFD analysis of the on/off seat valves with small spool dis-
placement (up to 0.1 mm) and small nominal ﬂow rate has not
been investigated much. This is due to the fact that on/off valves
have not been used for sophisticated hydraulic systems and there
has been no need to perform geometry optimization in order to
improve their dynamic characteristics. Therefore, the CFD optimi-
zation described in this paper seems to be the right solution, and
710 M. Simic, N. Herakovic / Energy Conversion and Management 89 (2015) 708–718opens the possibilities for the development of high response
hydraulic on/off valves with low power consumption which are
suitable to control high-dynamic linear drives.Fig. 2. Hydraulic on/off valve: inlet and outlet control volumes.2. Flow forces and ﬂow force compensation method
The term ‘‘ﬂow forces’’ deﬁnes forces that emerge with the
change of direction and/or velocity of the ﬂuid stream. For the
valve spool to stay in a balanced state, it is necessary that external
reaction forces can act on it in the opposite direction [5]. In a given
hydraulic seat valve presented in Fig. 1, there are so-called distur-
bance forces as a result of the spool and valve housing geometry
variations and therefore the internal ﬂow variations inside the
hydraulic valve chambers. They usually act against the actuation
force (Fact) and the spring force (Fspring) in order to stabilize the
dynamic behaviour of the valve. They are comprised of ﬂuid ﬂow
forces (Fﬂow) with stationary (Fﬂow,stat) and dynamic components
(Fﬂow,dyn), viscous ﬂuid ﬂow forces (FR) and pressure forces (Fp).
Forces needed for the elastic deformation of the O-rings are
presented as (Fo-ring). The resultant of inertial (mass) forces is
presented in Fig. 1 as Fa.
The frictional force (FR) consists of the Coulomb friction part
produced by radial forces and the viscous friction part resulting
from the movement of the spool. For a normal operation of the
hydraulic valves, the reduction of the Coulomb friction forces can
be done by using a spool with circumferential grooves [5]. The ﬂuid
(Newton’s) friction forces soften the movement of the sliding spool
and therefore help stabilize the dynamic behaviour of the valve. In
our case, a hydraulic seat valve has an extremely small spool
displacement of up to 0.1 mm, which makes the effect of the
sliding friction force too small to have to be taken into consider-
ation. The inertial forces (Fa) are not included in the analyses due
to the steady state simulation procedure. The axial ﬂow forces of
the seat valve presented in Fig. 1 (Fﬂow,stat and Fﬂow,dyn) can be also
written as static and dynamic ﬂow forces. Static ﬂow forces
(Fﬂow,stat) present the forces produced by internal ﬂow, which act
on the valve spool while the spool is in the static position. The
dynamic ﬂow forces present the ﬂow forces acting on the valve
spool while the spool is moving from its initial position to the
desired position. Both axial forces can be divided into two separate
valve chambers, the inlet and the outlet control volume described
in Fig. 2.
Our research consists of the analysis and optimization of major
parameters presented in Fig. 2, determining the axial static ﬂow
forces (Fﬂow,stat) acting on the valve spool, with the objective of
their minimization. Each of the parameters has the range of allow-
able values according to achieve the valve functionality. In some
cases the allowable values are limited by the geometry and dimen-
sions of the valve. The decision parameters are: inlet angle of the
hydraulic spool a with the range from 90 to 10, depth of the inletFig. 1. Forces acting on the valve spool.socket L1 with the range from 2 mm to 0 mm, gap size r1 with the
range from 1 mm to 2 mm, seat angle b with the range from 20 to
60 and overlap of the metering edge r2 with the range from
0.25 mm to 1 mm.
Depth of the inlet socket L1 is chosen on the basis of research
work described in [1]. Gap size r1 is deﬁned by changing the spool
diameter d2, while the metering edge diameter d3 remains con-
stant. Height of the inlet socket h1 cannot be varied much, due to
ﬁxed inlet channel diameter d1 and therefore is not included in
CFD analyse. The inﬂuence of the seat angle b, related to the seat
valve functionality, was described in [1,3]. It was concluded that
to achieve a suitable cross-section area and to ensure no leakage
for a given preloaded spring force the optimal valve seat angle b
is between 50 and 60. We will verify that argument and also ana-
lysed smaller angles. Angle b also effects on the nominal volume
ﬂow rate of the valve. An increase in the angle results in an
increase of the cross-section area and therefore an increase of
the volume ﬂow rate. The angle below the value of 60 causes a
very small or even no leakage of the valve. But a very small angle
(below 20) causes the spool to be stuck in a closed position. Con-
sidering all these facts, small angles are not suitable. Overlap of the
metering edge r2 prevents the valve to leak. Minimum value
r2 = 0.25 mm and maximum value r2 = 1 mm are chosen to achieve
valve functionality (overlap of the metering edge). Parameter h2 is
changed according to the r2. Reduction of the r2 results in increase
of the h2. Parameter h3 is changing according to the spool stroke y.
The initial values of the geometry parameters of the valve pre-
sented in Fig. 2 are: a = 90, L1 = 1.5 mm, h1 = 4 mm, r1 = 1 mm,
h2 = 1 mm, r2 = 1 mm and b = 60.
On the basis of the previously published research and the type
of the valve, the jet guiding compensation method was selected as
the most suitable for the reduction of ﬂow forces in the hydraulic
seat valve [1]. The jet guiding compensation includes the design of
the spool and housing. The relevant spool and housing surfaces are
shown in Fig. 3 as red contour lines. The ﬂow presented as stream-
lines in Fig. 3 goes from the inlet pressure port pin to the outlet
pressure port pout.
The ﬁrst area (I.) concerning the ﬂow force compensation is rep-
resented with parameters describing the inlet chamber of the valve
which guides the ﬂow around the spool and towards the metering
edge. The second area (II.) is described with the size and length of
the gap between the spool and housing which effect on ﬂuid accel-
eration. High velocity ﬂuid changes its direction according to the
seat angle b and then ﬂows through the metering edge into the
outlet valve chamber (area III.). The second acceleration of the ﬂuid
occurs in the metering edge region where the velocity depends on
the size of the cross-sectional area deﬁned with the valve opening
y. The dimension and design of the outlet valve chamber effects on
the high turbulent ﬂow. The ﬂow is mostly guided through the
housing surfaces; only the circular segment area of the spool with
overlap r2 (Fig. 2) inﬂuences the axial ﬂow forces.
Fig. 3. Jet-guiding compensation and the ﬂow streamlines.
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To conﬁrm the optimal parameters of the ﬂuid models and to
verify the computational simulation results, experimental testing
is performed with a prototype seat valve and specially designed
spools. In this case, seven different spools were manufactured to
cover seven different inlet angles a (90, 60, 45, 30, 20, 15
and 10). The other geometrical parameters of the prototype spools
are presented in Section 2 as initial parameters.
The real photo and scheme of the ﬂow force test rig is shown in
Fig. 4. An adjustable device is used to move the hydraulic spool
from 0 to 0.1 mm stroke with the step size of 0.01 mm. The exact
spool stroke is measured by using the non-contact Eddy-current
sensor Micro-Epsilon EPU05. The main characteristics of the stroke
sensor are: measuring range 0.5 mm, linearity ±0.25% FSO, repeat-
ability <0.5 lm, resolution 0.05 lm and temperature stabil-
ity < ± 0.025% FSO/C. The force is measured at 10 discrete spool
positions by using a force sensor HBM U9B/1 kN. The main charac-
teristics of the force sensor are: relative sensitivity error 6 ± 1%,
relative linearity error 6 ± 0.5% and temperature sensitiv-
ity 6 ± 0.5% FSO/10 K. The pressure sensors (KISTLER, type:
4075A500, pressure range: 0–50 MPa, accuracy: <±0.5% FSO, line-
arity: <±0.3% FSO, hysteresis: <±0.5% FSO, repeatability: <±0.1%
FSO and HYDAC, type: HDA44Z6-B-0400-G04-000, pressure range:
0–40 MPa, accuracy: <±0.5% FSO, linearity: <±0.3% FSO, hysteresis:
<±0.4% FSO, repeatability: <±0.1% FSO) are used to measure
the inlet and outlet pressures in order to ensure the proper inletFig. 4. Test rig and hydraulic scheme for the ﬂow fand outlet pressure, consequently the pressure difference
(Dp = pin  pout). The KISTLER pressure sensors are inserted directly
into the valve housing to ensure the pressure measurement at
the same locations that are chosen for modelling the inlet and
outlet boundary conditions of the ﬂuid model. The pressure
difference at steady state spool position is set with throttle valve.
The ﬂow sensor, type VSE VSI 1/16 EPO 12V-32W15/4 10. . .28V
DC, measures the ﬂow rate across the valve. The main charac-
teristics of the ﬂow sensor are: measuring range 0–80 l/min,
measurement accuracy and linearity error <0.3% FSO, repetition
accuracy <±0.05% FSO and sensitivity 0.0625 ml/pulse.
The principle of getting the experimental value of the axial sta-
tic ﬂow force acting on the spool is described by using the experi-
mental results from Fig. 5. The inlet pressure is set to 10 MPa. In
the ﬁrst step, the force is measured at 10 discrete spool positions
while the switching valve 1 is closed and the hydraulic power unit
is shut down (there is no high pressure or ﬂuid ﬂow across the
tested valve). In this case, only the force concerning the O-ring
seals and preloaded spring is measured (Force 1). In the next step,
the force is measured while the tested valve is under pressure
(switching valve 1 is opened) and the throttle valve is totally closed
to assure no ﬂow across the tested valve. In this case the inﬂuence
of pressure on the force needed for elastic deformation of the O-
ring seals is determined. By taking into account the pressure of
10 MPa inside the inlet and outlet valve chambers, the measured
force is increased for around 6% (Force 2 in Fig. 5). In the last step
the force is measured while the tested valve is under pressure andorce measurement of the hydraulic seat valve.
Fig. 5. Force measurement obtained by experiments.
712 M. Simic, N. Herakovic / Energy Conversion and Management 89 (2015) 708–718the ﬂuid ﬂow through the valve. The throttle valve assures the
proper pressure difference between the inlet and outlet port of
the tested valve. The measured force at a certain static position
represents the sum of all forces acting on the spool, including the
axial static ﬂow force (Force 3 in Fig. 5). By taking into account
both measured force characteristics Force 2 and Force 3, the axial
static ﬂow force characteristic can be calculated as the difference
(triangular points in Fig. 5).4. CFD simulation
CFD simulation is based on the governing equations of ﬂuid
dynamics for a given geometry with speciﬁed conditions on the
boundary of that region. The calculation was performed with one
of the most popular and practical simulation softwares, Ansys
CFX 12. It allows us to choose from a variety of models available,
including k–e, k–x and SST k–x. They are based on the ﬁnite-vol-
ume method for solving the complete, incompressible Reynolds-
averaged Navier–Stokes equations (RANS) [13]. In the case of a
complex three-dimensional ﬂow through the on/off seat valve,
SST k–x turbulence model gives the most accurate results. This
statement is veriﬁed in Section 5 where the results of axial static
ﬂow forces, obtained with all three models, are compared with
the experimental results.
The turbulence kinetic energy k and the speciﬁc dissipation rate
x are computed with the following transport equations [13]:
@
@t
qkð Þ þ @
@xi
qkuið Þ ¼ @
@xj
lþ lt
rk
 
@k
@xj
 
þ Gk  Yk þ Sk ð1Þ@
@t
qxð Þ þ @
@xi
qxuið Þ ¼ @
@xj
lþ lt
rx
 
@x
@xj
 
þ Gx  Yx þ Dx þ Sx
ð2Þ
In these equations, Gk represents the generation of the turbu-
lence kinetic energy due to mean velocity gradients. Gx represents
the generation ofx. Yk and Yx represent the turbulence dissipation
of k and x. Dx represents the cross-diffusion modiﬁcation term to
blend k–e and k–x models together. Sk and Sx are user-deﬁned
source terms. rk and rx are the Prandtl numbers for k and x,
respectively. Turbulent viscosity lt is calculated as follows [13]:
lt ¼
qk
x
max
1
a; SF2b1x
 !" #1
ð3Þ
where S is the strain rate magnitude, a⁄ is the coefﬁcient which
damps the turbulent viscosity causing a low-Reynolds-number cor-
rection, F2 is the blending function, while b1 is a constant.
The model constants which are used to calculate the transport
equations and their components are: rk,1 = 1.176, rx,1 = 2.0,
rk,2 = 1.0, rx,2 = 1.168, b1 = 0.31, bi,1 = 0.075 and bi,2 = 0.0828.The primary goal of the CFD simulation is to optimize the spool
and valve housing geometry parameters in order to reduce the
axial component of the ﬂuid ﬂow forces to a minimal positive
value. The positive direction of the ﬂuid ﬂow forces represents
the opposite direction to the actuating force.
The entire simulation procedure consists of creating the ﬂuid
model, deﬁning the proper grid (meshing) parameters, setting up
the boundary conditions for the ﬂuid model and choosing the most
appropriate turbulence model. After selecting the calculation
method and performing the computation, the analysis of the ﬁnal
results is presented.
4.1. Modelling
A ﬂuid model presented as detail in Fig. 6 was created using the
3D valve model. Static pressure compensation is achieved by creat-
ing equal spool areas A1 and A2 inside the inlet and outlet valve
chambers. The ﬂuid model has only one inlet (pin) and one outlet
(pout) port, therefore the ﬂuid ﬂow is expected to be complex
(three-dimensional, with different regions of laminar and turbu-
lent ﬂows). In this case, the ﬂuid model should be treated as 3D
model without any simpliﬁcations (2D, axi-symmetrical, etc.).
During the modelling, the inﬂuential spool surfaces exposed to
the ﬂuid ﬂow are deﬁned as composite regions (Fig. 7). By using the
simulation module Results of Ansys CFX, with the command Calcu-
lators and Expressions the resultant forces acting on the valve spool
surface are presented as Workbench outputs as parameters FX , FY
and FZ. In our case, only the force Fy deﬁning axial direction Y is
analysed. A positive force value results in closing the valve, while
a negative force value results in opening the valve. In the module
Expressions, the following variable is: force_Y () @ spool – force in
Y direction acting on spool surface.
4.2. Mesh parameters
The mesh quality of the ﬂuid model is the most important factor
in achieving good convergence (below 105) and consequently,
accurate results. The quality of the mesh is usually described with
two main parameters: skewness factor and aspect ratio. The skew-
ness factor should be lower than 0.5 and the mesh aspect ratio
should be lower than 50 [14]. In our case, all the models have
the skewness factor between 0.34 and 0.41, while the aspect ratio
is around 2. For computational purposes, the model is meshed
using irregular mesh elements (tetrahedrons, prisms, pyramids,
Fig. 8a). The most critical region of the model represents the meter-
ing edge (oriﬁce) with a minimal cross-section of 0.01 mm. The
maximal opening of the valve (y = 0.1 mm) is presented as Detail
A in Fig. 8b. Therefore, a ﬁne resolution of the oriﬁce region is
achieved by applying the parameters of the face spacing. Inﬂated
boundary condition is set at high velocity proﬁle surfaces (espe-
cially the spool and housing surfaces around the metering edge).
While the SST k–x turbulence model automatically involved the
near wall treatment through the standard wall function, the non-
dimensional distance can be calculated by using the CFX function
calculator. It has to be in the range 0 < y+ < 300 [14]. In our case
the calculated non-dimensional distance is y+ = 27.61. A typical
3D mesh has around 3.0 million elements. The exact values of
the mesh parameters are:
 Default body spacing is set to 0.5 mm.
 Default face spacing is set to a range from 0.01 to 0.1 with angu-
lar resolution of 30.
 Extra ﬁne mesh in the most critical region around the metering
edge (Detail A) and between the spool and housing surfaces is
determined with face spacing. The angular resolution is set to
Fig. 6. Hydraulic valve and ﬂuid model.
Fig. 7. Spool surface exposed to the ﬂuid ﬂow.
Table 1
Settings of CFD ﬂuid model.
Fluid
parameters
Single-phase ﬂow, mineral oil ISO VG 32 at 40 C, density
q = 840 kg/m3, dynamic viscosity l = 0.0277 kg/(m s),
speciﬁc warm capacity c = 2100 J/(kg K), molar mass
mm = 495.5 g/mol)
Boundary
conditions
Static pressure at inlet and outlet:
pin = 10–25 MPa
pout = 7.5–22.5 MPa
Pressure difference between the inlet and outlet ports:
Dp = 2.5 MPa
Conditions regarding the ﬂuid model wall:
 No slip wall
 Smooth wall (decided on the basis of the real roughness
of the spool Ra = 0.4)
Turbulence
model
Shear-stress-transport (SST) k–x turbulence model
Simulation
type
Steady-state simulation at 10 discrete spool openings y
(from 0.01 to 0.1 mm with step size of 0.01 mm)
M. Simic, N. Herakovic / Energy Conversion and Management 89 (2015) 708–718 71318 with the minimal and maximal edge lengths of 0.005 and
0.1 mm. The edge and face proximity is turned on with
8 elements across the gap and 5 maximum number of passes.
 Inﬂation at spool surface is set to a maximal thickness of
0.005 mm.
4.3. Simulation parameters
After the mesh model is created, all other simulation parame-
ters, such as the type and parameters of the ﬂuid, boundary condi-
tions, turbulence model and the type of the simulation, need to be
deﬁned. The single-phase ﬂow was chosen due to the low pressure
difference of 2.5 MPa where the low pressure areas and the cavita-
tion are not expected. Therefore the pressure distribution inside
the ﬂuid model and the minimal pressure regions will be analyzed
in detail to support this argument. The ﬂuid was treated as incom-
pressible. The complex geometry of the ﬂuid model consists of
three different regions. The inlet chamber consists of two regions:
the valve socket placed around the spool provides high turbulent
ﬂow, while the spool-housing gap determines the high-velocity
and low turbulent ﬂow. The outlet control chamber deﬁnes high
turbulent ﬂow circulated around the spool. Based on the three dif-
ferent regions, the Shear-stress-transport (SST) k–x turbulence
model provides more accurate results in comparison to the(a) Cross-section of the mesh model.
Fig. 8. 3D messtandard k–e or k–x models [1]. The SST model combines the
robustness and accuracy of the standard k–x model in the
near-wall region and standard k–e model in the far ﬁeld. All other
simulation parameters are presented in Table 1.5. Results and discussions
In the ﬁrst part the optimal choice of turbulent model should be
conﬁrmed. Fig. 9 presents the results obtained with three different
turbulence models (k–e, k–x and SST k–x), which are compared
with the experimental results. The presented results are related
to the ﬂuid model with inlet angle a = 90, inlet pressure pin = 10 -
MPa and pressure differenceDp = 2.5 MPa. Other geometry param-
eters of the ﬂuid model are presented in Section 2. The SST k–x
turbulent model ﬁts to the experimental results better than other
two models. Turbulence models k–e and k–x give similar results(b) Detail A.
h model.
Fig. 9. Axial static ﬂow force obtained by using three different turbulence models
and compared with experimental results.
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model and experimental results, especially at large spool strokes.
Therefore the SST k–x turbulent model is chosen as the most
appropriate turbulence model.
Hereinafter the inﬂuential geometry parameters presented in
Section 2, starting with the inlet angle a, are analyzed in detail.
For better understanding the graphical results, related to the initial
ﬂuid model with the inlet angle a = 90, inlet pressure pin = 10 MPa
and pressure difference Dp = 2.5 MPa are presented in Fig. 10a–d.
The axial static ﬂow forces are the result of the ﬂow stream direc-
tion and ﬂow velocity. Therefore streamlines (Fig. 10a) and velocity
proﬁle (Fig. 10b) had to be considered in the CFD analysis. Fluid
ﬂow also effects indirectly on the pressure distribution on the
housing and spool surfaces, which is shown in Fig. 10c and d.
A more in-depth analysis of the inlet control volume shows that
the spool acts as a barrier. Therefore, the ﬂow becomes three
dimensional with three main ﬂow directions: ﬂow going up to
the inlet pocket, ﬂow perpendicular to the spool surface and ﬂow
going around the spool and down towards the metering edge.(a) 3D streamlines.
(c) Pressure distribution on the housing 
surface. 
Fig. 10. CFDIn the ﬁrst case, the ﬂuid forces act on the spool surface in a
positive axial direction (+Y) and cause the valve to close. Stream-
lines with the direction perpendicular to the spool surface (X direc-
tion in Fig. 10a) cause the separated ﬂow going around the spool,
which results in a low velocity proﬁle (Fig. 10b) and local pressure
raise on the spool surface (Fig. 10d). The ﬂow going in the negative
direction (Y) results in the negative axial ﬂow forces which effect
on the spool instability (valve chattering) and cause the potential
opening of the valve. The seat angle b changes the ﬂow direction
and causes the negative axial ﬂow forces. Also the ﬂuid going down
through the metering edge results in negative axial ﬂow forces. The
higher the velocity of the ﬂuid the higher the viscous friction forces
are, which causes higher negative axial ﬂow forces. The analysis of
the outlet control volume shows a high turbulent ﬂow effecting on
the metering edge overlap. The lowest pressure area of 6.1 MPa,
which is marked in Fig. 10c, is detected in outlet control volume
at housing surface. A more in-depth analysis of the overlap inﬂu-
encing the overall axial static ﬂow forces will be described later.
The simulation results presented in Fig. 11a show how the spool
inlet angle a affects the axial static ﬂow forces at different spool
strokes. An inlet angle of 30 corresponds to the minimal ﬂow
forces, while increasing or decreasing the inlet angle leads to the
increasing of the ﬂow forces. This reduces the ﬂow forces at a max-
imum spool opening of y = 0.1 mm by approximately 33%, from
12.8 N to 8.5 N. The explanation why the inlet angle a = 30 results
in minimal axial static ﬂow forces can be described with stream-
lines in Fig. 11b. By using different inlet angles the incoming ﬂow
hits the spool surface at different angles (perpendicular when
angle of 90 is used). That results in different values of axial com-
ponent of local static ﬂow forces. Furthermore, the local pressure
rise (similar to the high pressure area presented in Fig. 10d) results
in local pressure forces increase, which act in the Y direction. In
this situation the spool is no more pressure-force compensated
although the pressure compensating areas A1 remains unchanged.
For further analyses, the model with the inlet angle a = 30 is
chosen.(b) Velocity profile.
(d) Pressure distribution on the spool 
surface.
analysis.
(a) Axial static flow forces. (b) Stream lines, α =30°
Fig. 11. Flow forces as a function of the inlet angle a and the spool stroke y.
Fig. 12. Flow rate and contraction coefﬁcient as a function of spool stroke y.
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shown in Fig. 12. The ﬂow rate can be treated as linearly propor-
tional to the spool stroke y according to measurement results.
The curve for volumetric ﬂow rate of Fig. 12 can be employed to
calculate the discharge coefﬁcient aD, which is deﬁned as the ratio
of actual to theoretical ﬂow rate across the valve [15]. The ﬂow rate
can be calculated by using the Eq. (4), where Dp presents the pres-
sure drop measured across the inlet and outlet valve chambers and
q presents the ﬂuid density. The cross-section area A can be calcu-
lated by using the Eq. (5). It is deﬁned by valve geometry parame-
ters d3 (metering edge diameter) and b (seat angle of the spool).
The contraction coefﬁcient, presented in Fig. 12, slightly increases
with the spool stroke increase (from 0.632 at spool stroke 0.01 mm
to 0.651 at maximal spool stroke 0.1 mm).
Q ¼ aD  A
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2  Dpð Þ
q
s
ð4Þ
A ¼ 2  p  d3
2
 y
2
 sin b
2
 cos b
2
  
 y  sin b
2
ð5Þ(a) Inlet angle α = 10°.
Fig. 13. Measured and simulated pointsThe results from Fig. 11 should be veriﬁed with experimental
testing presented in Section 3 to conﬁrm the optimal parameters
of the ﬂuid models. Fig. 13 shows axial ﬂow force characteristics
for two prototype spools with different inlet angles to cover the
simulation results of the maximal and minimal ﬂow forces pre-
sented in Fig. 11a. It is evident that the simulated ﬂow force curve
(Simulation) ﬁts the measured ﬂow force curve (Experiments) very
well. The average deviation between the measured and simulation
curves is in both cases 3–7%, depending on the spool stroke.
The maximal ﬂow force is achieved at maximal spool stroke,
therefore, the measured and simulated results of the ﬂow force
can be described as a function of the inlet angle a at maximal spool
stroke y = 0.1 mm (Fig. 14). The measured results show similar val-
ues as the results obtained from the simulation. Furthermore, the
trend of the curve stays the same. An inlet angle of 30 corresponds
to the minimal ﬂow force, while increasing or decreasing the inlet
angle leads to the increasing of the axial ﬂow force.
After the ﬁrst 7 ﬂuid models are conﬁrmed as good enough, all
other inﬂuential valve parameters can be analysed and optimized
by using exclusively the CFD simulation method.
The geometry of the inlet valve socket placed around the spool
has only one inﬂuential parameter: depth L1. The height of the
socket h1 cannot be varied much due to the inlet channel diameter
d1 = 3 mm. Varying the height from 3 mm to 4 mm has no inﬂu-
ence on axial ﬂow forces. In our case, depth L1 = 0.25 mm repre-
sents the characteristic point effecting on major reduction of the
axial ﬂow forces from 54 to 10 N (Fig. 15).
That can be explained with the velocity proﬁle and streamlines
presented in Fig. 16a and b. Without having a valve socket, the
ﬂuid goes directly towards the metering edge with a much higher
velocity producing high viscous friction forces. Otherwise, the inlet
pocket produces low velocity turbulent ﬂow and therefore a lower
velocity proﬁle. In conclusion, the inlet socket should be machined
into the housing (at last 0.25 mm) to overcome high ﬂow forces.(b) Inlet angle α = 30°.
of axial ﬂow force characteristics.
Fig. 14. Comparison of the simulated and experimental results of the axial ﬂow
forces as a function of the inlet angle a.
Fig. 15. Flow forces as a function of the socket depth L1.
Fig. 17. Flow forces as a function of the spool/housing gap r1.
Fig. 18. Flow forces as a function of the seat angle b.
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which is chosen for the ﬂuid models involved in further analyses.
Fig. 17 shows the inﬂuence of spool gap r1 on axial ﬂow forces.
The gap deﬁnes mixed ﬂows (laminar ﬂow near the spool wall and
turbulent ﬂow near the housing wall) with an increased velocity of
the ﬂuid going from the inlet chamber through the metering edge
into the outlet valve chamber. The initial gap of 1 mm results in a
minimal axial ﬂuid ﬂow force. An increased ﬂuid velocity proﬁle
near the spool surface produces high axial ﬂuid ﬂow forces which
act in the negative direction (Y). Increasing the gap corresponds
to lower ﬂuid velocity and lower negative ﬂow forces in this area.
The overall axial ﬂow force (the sum of all positive and negative
ﬂow forces in the inlet and outlet control volumes) is therefore
increased.(a) Socket depth: L1 = 0.025
Fig. 16. Velocity proﬁleHigh velocity ﬂuid coming from the inlet valve chamber across
the 1 mm gap changes its direction according to the seat angle b
which causes the negative axial ﬂow forces. In combination with
positive axial ﬂow forces, as the result of the inlet angle a, the
sum of ﬂow forces acting on the spool gives us a lower value. In
other words, increasing the angle b decreases the overall axial ﬂow
force (Fig. 18). Increasing the angle above 60 does not effect on
decreasing the axial ﬂow forces. Furthermore, increasing the angle
causes the valve to leak, which was noted also in our experimental
analysis, therefore the angle of 60 is chosen as optimal [1,3].
The last parameter analysed in this paper is the metering edge
overlap r2 (Fig. 19). Four different values r2 = 0.25, 0.5, 0.75 and
1 mm are analysed. The analyses show that the overlap r2 has a
major impact on axial ﬂow forces (Fig. 19). The positive axial ﬂow
forces are a result of the high turbulent ﬂow acting on the spool
surfaces presented in Fig. 20a and b. Lower resultants of the axial(b) Socket depth: L1 = 0.25
of the ﬂuid ﬂow.
Fig. 19. Flow forces as a function of the overlap r2.
(a) r2 = 1 mm (b) r2 = 0.25 mm
Fig. 20. Turbulent ﬂow effecting on spool surfaces around the metering edge.
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but also of the creation of an extra turbulent pocket causing the
negative axial ﬂow forces (Fig. 20b).
The larger the overlap is the higher the generated positive axial
ﬂow forces are, as we can see in Fig. 19. In our case, the overlap
under 0.25 mm is not recommended due to the type and the func-
tionality of the valve (seat valves, the problem of the valve
leakage).
As a result of the CFD simulation, the axial ﬂow force is reduced
from 12.8 N to 2.3 N just by considering the spool and housing
geometry modiﬁcations. Some of the initial parameters (L1, h1,
and r1) have remained unchanged since the CFD analyses con-
ﬁrmed them as optimal. The ﬁnal geometry parameters of the
spool and housing are:
 inlet angle a = 30,
 depth of the inlet socket L1 = 1.5 mm,
 height of the inlet socket h1 = 4 mm,
 spool/housing gap r1 = 1 mm,
 height of the metering edge h2 = 1.4 mm,
 seat angle b = 60 and
 metering edge overlap r2 = 0.25 mm.
6. Conclusions
The actuation force required for controlling a valve spool is
strongly affected by the axial momentum forces of the oil ﬂow
through the valve, as explained in Section 2. These ﬂow forces
increase with the ﬂow rate and pressure difference. Our effort in
the ﬁeld of the development and optimization of hydraulic on/off
seat valves has therefore been focused on the reduction of the axial
ﬂow forces to a minimum.The research work has been performed by using a CFD simula-
tion tool Ansys CFX where the simulation results are veriﬁed with
the results obtained by experimental testing. The best ﬁt of the
simulated and measured ﬂow force curves is achieved by using
the k–x based Shear-stress-transport (SST) simulation model. In
comparison to the standard k–e model or k–x model, the SST k–
x model provides better solution and treatment of the near-wall
region and the far ﬁeld region with a high turbulent ﬂow. The
meshing parameters used in the simulation model also have a sig-
niﬁcant inﬂuence on the results and the simulation procedure. The
simulation results ﬁt the measured ones very well after the body
spacing was changed from 0.25 to 0.15 mm and the default face
spacing was changed from 0.5 to 0.1 mm. High resolution mesh
was used for the metering edge area where extra edge/face spacing
and edge/surface proximity was used. Fine mesh was also used at
spool surfaces by using the inﬂation function with 5 mesh layers of
0.1 mm depth. By using these parameters, the number of mesh ele-
ments increases to approximately 3,000,000 elements. In this case,
the difference between the simulated and experimental results
does not exceed 7%.
The research proved that it is possible to reduce the axial ﬂow
forces in the valve and to eliminate the undesirable non-linear
digressive ﬂow-force characteristics by implementing simple geo-
metrical modiﬁcations of the spool. By considering a combination
of all geometry parameters, the optimal spool geometry and max-
imal reduction of the axial ﬂow forces is achieved, thus improving
the overall performance of the hydraulic on/off seat valve. Finally,
the optimal inlet angle of the spool was found to be 30 where the
axial ﬂow forces have been reduced from 12.8 N to 8.5 N. A further
modiﬁcation of the spool metering edge overlap has additionally
signiﬁcantly reduced the axial ﬂow force from 8.50 N to 2.43 N.
The axial ﬂow force reduction leads to the enlarged spool displace-
ment and consecutively to better dynamic characteristics of the
hydraulic seat valve as explained in Section 2. Therefore, we can
use the actuators with lower power to actuate the valve spool.
For this reason, the electrical power consumption of the valve is
lower. Based on laboratory tests, which are not described in this
paper, the response time is improved for more than 20%, while
the power consumption is reduced for around 10% at the switching
frequency of the valve f = 100 Hz.
Future research work will be oriented towards further optimi-
zation of the overall actuation force. The grooves of the O-ring seals
should be optimized in order to reduce the force provided by O-
rings while the functionality remains the same.References
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